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1. INTRODUCTION 
An anaerobic trichloroethylene (TCE) microcosm study, using aquifer material and 
groundwater from Gilbert-Mosley site, Wichita, Kansas was performed by stimulating 
indigenous microorganisms. Significant levels of TCE contamination and 1,2-cis DCE 
were detected at the site. The goals of this study were to evaluate natural intrinsic 
transformation at the site and the potential for in situ treatment of TCE contamination. 
This would be accomplished by stimulating the growth of anaerobic bacteria, under 
sulfate-reducing and methanogenic conditions. 
Sulfate-reducing conditions were predicted since the site groundwater contains 
high sulfate concentrations (--400mg/L). Previous studies demonstrated that sulfate-
reducing cultures transform TCE to c-DCE without further transformation (Bagley, 1990; 
Kastner, 1991a; and Pavlostathis, 1991). Some studies even show adverse impact of 
sulfate on the dechlorination of TCE (Barrio-Lage et al., 1988). 
Methane-producing bacteria and hydrogen-utilizing bacteria are two possible 
alternative bacteria that may be stimulated under lower sulfate concentrations (Semprini et 
al., 1995). In previous studies, reductive dechlorination of TCE has been observed under 
methanogenic conditions (Vogel and McCarty, 1985; Parsons et al., 1985; and Barrio-
Lage et al., 1986). Furthermore the sequential removal of an additional chlorine in each 
step (TCE>DCE--WC-->ethylene) becomes more difficult (Vogel et al., 1988). The study 
of Vogel et al., (1988), revealed a general trend that, as the number of chlorine atoms on 2 
the compound decreases, further dechlorination by reduction becomes energetically and 
kinetically more difficult. Subsequent, unrelated methanogenic and hydrogen-utilizing 
bacterial studies show that TCE can be successfully reduced to ethylene (Freeman et al., 
1989; Di Stefano et al., 1991; and Di Stefano et al., 1992). 
A recent field study strongly supports a syntrophic association between sulfate 
reducing-bacteria and methanogens (Semprini et al., 1995). This association could be a 
fermentative syntrophic association, wherein the sulfate reducers serve as hydrogen-
producing acetogenic bacteria and methanogens serve as hydrogen scavengers (Bryant et 
al., 1977). Both microbes enhance each other's activity within a syntrophic relationship. 
Developing and understanding the syntrophic relationship of a mixed culture was beyond 
the scope of this microcosm study. 
A major goal of this microcosm study was to determine suitable groundwater 
conditions that stimulate a mixed culture of bacteria capable of transforming TCE to 
harmless products. In order to obtain a desirable mixed culture, several factors can be 
varied, such as carbon sources, electron acceptors, and amount of aquifer solids present in 
the microcosms. Varying carbon sources is a major controlling factor. Our study, 
therefore, focused on studying the effect of the addition of different carbon sources. 
Effects of various electron acceptors (SO4 2, NO3 and NO2-) are the other factors that 
were studied, since nitrate and sulfate were present in the site groundwater. The amount 
of soil in the microcosm as another important consideration. Indigenous soil has the 
ability to buffer groundwater within a suitable pH range for anaerobic bacteria, preventing 
unwanted acid build-up. Furthermore, the amount of Fe+2 ions in the groundwater and 3 
production of SIT ions (transformation by-product) are two other additional factors that 
require consideration. The ferrous ion can precipitate with hydrogen sulfide to yield 
ferrous sulfide (Goldhaber et al., 1974). Thus, inhibition of sulfide on sulfate reduction 
can be prevented by the presence of ferrous ion (McCartney et al., 1991). 
These factors influence the conditions of groundwater which govern the growth of 
anaerobic microorganisms. Only when appropriate conditions are present, can 
microorganisms bring about cometabolism for the complete transformation of TCE 
harmless products. 
In order to pursue an understanding of TCE transformation, several objectives of 
the microcosm study were as follows 
to determine appropriate growth substrates to promote TCE transformation 
to determine under what electron acceptors conditions the transformations were 
occurring 
to try to determine whether the transformation was abiotic or biotic 
to determine the products of TCE transformation 
to evaluate whether the anaerobic transformations can be enhanced to yield 
ethylene as a final end product 
to evaluate if the observed transformations are consistent with those observed at 
Gilbert-Mosley site 4 
2. BACKGROUND  
2.1 Scope 
Since the 1940s, trichloroethylene (TCE) has been widely used in industry, as a 
degreasing agent and extraction solvent, and in medicine, as an anesthetic agent. TCE 
was once considered an inert and safe reagent, but subsequent evidence had been to the 
contrary. The erroneous belief in its safety had lead to its indiscriminate disposal and 
contamination of many groundwater environments. Early studies showed TCE 
transformation was fairly slow in a groundwater environment (Wilson et al., 1985). This 
contributed to high levels of TCE accumulation in some groundwater aquifers. TCE was 
suspected to be a carcinogen (Infante and Tsongas, 1982). Later, TCE was regulated 
under the Safe Drinking Water Act of 1986, with a proposed maximum contaminant level 
in drinking water of 5 p,g/L (Federal Register, 1989).  Serious public health concerns over 
TCE contamination sites had prompted clean-up studies to ensure public health and safety 
around contamination sites (Semprini et al, 1995, Beeman et al., 1994, Major et al., 1991, 
Wilson et al., 1991, Ehlke et al., 1991, Sewell et al., 1990, and Kastner et al., 1991b). 
Several in-situ field studies have demonstrated of TCE transformation under 
anaerobic conditions (Semprini et al, 1995, Beeman et al, 1994 and Major et al., 1991). 
These field studies show natural (intrinsic) transformation is capable of degrading TCE to 
harmless products-ethylene and ethane. Field studies have also shown the presence of 
ethylene and methane when methanogenic conditions are present in the subsurface. 5 
However, other field studies have shown c-DCE and VC as final end products (Wilson et 
al., 1991, Eh lke et al., 1991, Sewell et al., 1990, and Kastner et al., 1991b). 
At Gilbert-Mosley site, primary analyses of groundwater showed significant 
amounts of TCE, some amount of c-DCE (>100pg/L), and small amount of VC 
(<5 tig/L). The results indicated partial biotransformation of the TCE to intermediate 
anaerobic products. The groundwater contained high concentrations of sulfate (-400 
mg/L) and moderate concentrations of nitrate (-46 mg/L). These inorganic contaminants 
could potentially function as anaerobic electron acceptors. Thus, anaerobic microcosm 
studies were conducted to determine potential substrates for enhancing anaerobic growth, 
and TCE transformation, and to determine the end products of the anaerobic 
transformation. 
2.2 Chemical Properties 
TCE is a colorless liquid with a chloroform-like odor. TCE has been used as a 
cleaning fluid in degreasing, and drying of metals and electronic parts; as an extraction 
solvent for oil, waxes and fats; as a solvent for cellulose esters and ethers; in removing 
caffeine from coffee; in refrigerant and heat exchange; as a fumigant; as a diluent in paints 
and adhesives; in textile processing; in aerospace operation, as a replacement for oxygen in 
rocket engine combustion; as an anesthetic, and in chemical organic synthesis 
(Montgomery 1991). 
Some important chemical properties of TCE and its transformation products are 
summarized in Table 2.1. 6 
Table 2.1. Properties of selected groundwater contaminants. 
TCE  c- DCE  t- DCE  1,1-DCE  VC 
Trichloroethylene  1,2-cis- 1,2-trans- 1,1- Vinyl chloride 
dichloroethylene  dichloroethylene  dichloroethylene 
Formula  CHCI =CC12  CHCI=CHC1  CHCI=CHC1  CCI2=CH2  CH2=CHCI 
Boiling Point  87.2  60.0  47.5  32.0  -13.4 
Solubility  1100  3500  6300  2250  2670 
(mg/14b 
Density  1.4642  1.284  1.2565  1.218  0.9106 
@ 20°C5 
H Henry's  9.10x10-3  7.58x10'  6.56x10'  3.40x10-2  8.19x104 
Constantb 
(atm*m3/mol) 
Log lc,,b  2.38  0.70  0.48  1.84  1.38 
U.S.  5  70 100  7  2 
Drinking 
Water MCL 
Olgiq  
'(Montgomery J.M 1991)  
b(Concawe, 4/79)  
`(McCarty and Semprini, 1994)  
The physical and chemical properties of TCE and its transformation products 
determine the distribution of these chemicals in the environment. These properties also 
govern the distribution of contaminants in groundwater. For example, the octanol/water 
partition coefficient (1c,,) predicts affinity of the compound to the soil organic phase, and 
reflects the speed of absorption and desorption processes for the contaminant. A Kota 
partition coefficient constant is obtained by measuring a distribution ratio of chemical 
between one liter of each octanol and water. The constant reflects the affinity of a 
compound to the organic phase. Physical-chemical properties can provide justification on 7 
parameters that are obtained in the laboratory. For example, the boiling point can be used 
to determine the order in which compounds elute from a gas chromatography column. 
For example, a large molecule, which normally has a relatively high boiling point, has a 
longer retention time on a gas chromatography column. 
The density of TCE is greater than that of water. Thus TCE is designated as a 
Dense Nonaqueous Phase Liquid (DNAPL). Generally, a DNAPL has relatively low 
solubility in the aqueous phase. A DNAPL exists in the aqueous environment when its 
quantities exceed its solubility in water. As a DNAPL, TCE may sink under gravity 
towards the bottom of an aquifer. If present as a NAPL, it would be a large source of 
groundwater contamination as it slowly dissolves. 
A high Henry's constant indicates significant partitioning of TCE into the 
headspace in a closed bottle. This permits the application of gas chromatography to 
analyze TCE headspace concentrations in a microcosm. As the headspace concentration is 
determined by gas chromatography, complementary liquid phase concentration can be 
calculated based on Henry's law. 
Since TCE has a moderate Ko, value, TCE will sorb onto aquifer solids to some 
extent. Its desorption process may be relatively slow. This slow desorption may inhibit 
traditional pump-and -treat method for removing TCE contaminant from contaminated 
aquifers. On the other hand, c-DCE has a smaller Ic value than TCE, and has a higher 
solubility. These physical properties indicate that c-DCE has a higher mobility than TCE 
within the aquifer. Therefore, application of pump-and-treat technology will likely be 
more effective in removing c-DCE than TCE. 8 
Finally the Maximum Contaminant Level (MCL) is low for TCE, which reflects the 
safety of the drinking water standard. Since VC is a known carcinogen, the MCL value of 
vinyl chloride lower than that of TCE, 2 gg/L vs. 5 gg/L. Vinyl chloride therefore is not 
an desirable end product of TCE transformation. On the other hand, c-DCE has a MCL 
value of 70 µg/L, which indicates c-DCE is less harmful than TCE. Therefore, c-DCE 
might be an alternative end product when a complete anaerobic transformation of TCE to 
harmless end products is not obtainable. 
2.3 Literature Review 
2.3.1 Physical and Chemical Processes 
Physical and chemical processes, such as pump-and treat, have been utilized as an 
immediate response to TCE clean up. Conventional pump-and treat technologies are 
among the most widely used systems for remediation of contaminated groundwater. For 
example, the contaminated groundwater is pumped to the ground surface, and carbon 
adsorption is used to treat the groundwater (Symons, 1981). At least two problems are 
associated with this technology when it is applied for TCE clean-up. One is the tailing 
effect associated with pumping aquifer water, which is caused by slow desorption of TCE 
from the aquifer soils to water and by aquifer heterogeneities. A second problem is that 
the latter treatment does not destroy the contaminant, but simply transfers the contaminant 
from one site to another. If the carbon adsorption treatment is replaced by a destructive 
process such as biological treatment this would not be the case. The pump-and-treatment 9 
method is most suitable when the contaminant is wealdy sorbed to the aquifer solids. 
Traditional pump-and-treat remediation is limited by the contaminant's chemical and 
physical properties, and properties of the aquifer such as permeability, organic carbon 
content, and geologic heterogeneities. 
2.3.2 Aerobic Process vs. Anaerobic Process 
Aerobic and anaerobic cometabolism are two approaches for the in situ 
remediation of TCE contamination. Aerobic cometabolism is a process that utilizes 
substrates to induce oxygenases enzymes. Oxygenases induced by microorganisms 
fortuitously oxidize TCE to TCE epoxide, which chemically degrades to a variety of 
products spontaneously. These products can be mineralized by mixed microbial 
communities in the environment. One of the advantages of the aerobic process is that VC 
is not produced. Once TCE contaminated groundwater is pumped to the ground surface, 
aerobic cometabolism might be used as a practical and speedy approach for treatment of 
TCE in a bioreactor (Alvarez-Cohen et al., 1991; and Janssen et al., 1994). Experience 
with pump-and-treat remediation of aquifers contaminated with TCE has shown that 
lengthy time periods are required for significant reductions in concentration. Usually 
contaminant concentrations will decline at progressively slower rates as pumping 
continues, because TCE with a moderate Kam value, will slowly desorb from the aquifer 
solids. Aerobic in-situ bioremediation of TCE therefore being studied as an alternative 
method. 10 
The chemical movement and fate of contaminants in ground water are critical 
processes in applying in-situ treatment of TCE. This is especially true for aerobic 
cometabolism which requires both substrate and oxygen addition to the subsurface. 
Several processes influencing the transport, distribution and fate of chemicals in ground 
water are discussed by McCarty et al. (1992): 
1.	  Advection: the miscible transport in aqueous solution under the influence 
of the hydraulic potential gradient; 
2.	  Dispersion: the mixing and spreading of concentration fronts that arise 
largely from differential rates of movement along the myriad individual 
flow paths through the porous medium; 
3.	  Sorption: the partitioning of a compound between the moving solution and 
the stationary solid phase; 
4.	  Transformation: the result of chemical reactions of microbial activity that 
may convert an organic compound into stable products or into another 
intermediate product; 
5.	  Immiscible transport: the migration of chemicals slightly soluble in water as 
a separate liquid phase, often in the case of chlorinated solvents driven 
downward by the density difference; 
6.	  Diffusion transport: the slow migration of solute molecules into the 
matrix rock or dead-end pores under the influence of a concentration 
driving force. 11 
The above transport processes need to be studied when applying aerobic and anaerobic in-
situ bioremediation. 
Aerobic in-situ bioremediation of TCE transformation by methane-utilizing 
microorganisms was investigated by Semprini et al. (1990, 1991), and phenol-utilizing 
microbes by Hopkins et al. (1993). In order to enhance the efficiency of chemical 
transport and distribution at the injection well, alternate pulse injection of methane and 
oxygen was suggested to eliminate the clogging of the injection well (Semprini et al., 
1992). 
Anaerobic treatment on the other hand, provides an economical alternative. Since 
oxygen has low solubility in groundwater, anaerobic in-situ bioremediation has an 
advantage over aerobic in-situ bioremediation as oxygen addition is not required. In 
anaerobic treatment direct injection of the carbon and energy source could stimulate the 
growth of indigenous microorganisms and would facilitate TCE transformation. Since 
electron acceptor addition is not required, high concentrations of anaerobic substrates may 
be added. Anaerobic bacteria also have a relatively long lag time for growth. This will 
likely permit the added substrates to expand over a greater volume of the subsurface 
before transformation takes place. Thus large volumes of aquifer might be treated. 
A major drawback of the anaerobic transformation of TCE is the potential for 
producing intermediate products that are more toxic than TCE itself, such as 1,1-DCE and 
vinyl chloride (Pavlostathis, 1991; and Gossett, 1990). Complete TCE transformation 
requires TCE to be transformed to ethylene without producing toxic intermediate 
products. 12 
2.3.3 Transformation of Trichloroethylene 
Chemical reactions that are associated with transformations of halogenated 
aliphatic compounds have been reported (Vogel et al., 1987). In Table 2.2, Vogel 
summarizes the major abiotic and biotic transformation processes occurring in natural 
Table 2.2.	  Transformation of chlorinated aliphatic hydrocarbons (CAHs) (After 
Vogel, et al., 1987). 
Reactions	  Examples 
I.	  Substitution 
a.	  solvolysis, hydrolysis 
RX + H2O -- ROH + HX  CH3CH2CH2Br + H2O -. CH3CH2CH2OH + HBr 
b.	  other nucleophilic reactions 
RX +1V- -.. RN + X- CH3CH2Br + HS- -- CH3CH2SH + BR-
II.	  Oxidation 
a.	  a. - hydroxylation 
I I 
C  X + H2O -0  C  X + 2H+ + 2e- CH3CHCl2 + H2O  --0 CH3 CCI2 OH + 2H+ + 2e-
1 1 
H  OH 
b.	  epoxidation
x \  /  X  \ / \ /
C  =  C  + H2O -./C - C  2H+ + 2e- CHCICCI2 + H2O -0 CHCIOCCI2 + 2H+ + 2e- / \ 
III.	  Reduction 
a.	  hydrogenolysis 
-+ CHCI3 + CI- RX + H++ 2e- --0 RH + X- CCI4 + H ++ 2e-
b.	  dihaloelimination
\ / I I 
-C C +2e- -+ C = C +2X- CCI3CC13 + 2e- -0 CCI2 CC12 + 2CI-
I  /	 \
1 
X	 X 
c.	  coupling 
2 RX + 2e- -0 R R + 2X- 2 CCI4 + 2e- --+ CCI3 CCI3 + 2CI-
IV.	  Debydrohalogenation 
I I  \ /
-CC- -0 C = C +HX	  CCI3CH3 -0 CCI2 CH2 + HCI / I 1 
X H 13 
systems. Possible transformations of TCE include: substitution of halides through 
hydrolysis; oxidation of TCE via epoxidation under aerobic conditions, and reduction of 
TCE by hydrogenolysis under anaerobic conditions. The present study focuses on 
anaerobic TCE transformation and, accordingly, only substitution through hydrolysis and 
reduction of TCE through hydrogenolysis are discussed in detail. 
2.3.4 Substitution Reactions 
Using the mechanism of substitution, TCE undergoes abiotic hydrolysis with 
reported half-lives of 0.9-2.5 years (billing. et al, 1975; and Pearson et al, 1975). 
RX + H2O > ROH + HX  ( Equation 2.1 for Abiotic Hydrolysis, X=halide ) 
This abiotic substitution requires a long reaction time. The reaction rates, however, may 
be enhanced by the use of catalysts such as clay (Voudrias et al, 1986). Nucleophilic 
reactions are another type of substitution reaction. This reaction is not suitable for TCE 
transformation. Dehydrohalogenation is favorable for saturated (single bonded) 
halogenated aliphatic compounds, but not for unsaturated (double or triple bonded) 
halogenated aliphatic compounds (Haag, et al., 1986). 
RX + N --> RN + X  (Equation 2.2. for Nucleophilic Reactions, N = SH-) 14 
2.3.5 Oxidation-Reduction Reactions 
Unlike substitutions, oxidation-reduction reactions require external electron donors 
or electron acceptors. Oxidation-reduction reactions involve the transfer of electrons from 
an electron donor to an electron acceptor, consequently changing the net oxidation state 
of the chlorinated compounds. Generally, reduced organic compounds act as electron 
donors and undergo oxidation reactions by giving away electrons. Common terminal 
electron acceptors include oxygen under aerobic conditions, and nitrate, sulfate and 
carbon dioxide under anaerobic conditions. 
For example, when benzoate acts as electron donor, and sulfate, as electron 
acceptor, the electron half reactions and corresponding free energies involved are: 
Electron Donor Half Reaction for Benzoate (Equation 2.3) 
(AG unit in kcal per mole of electrons) 
1/30 C6H5C00- + 13/30 H2O ---> 1/5 CO2 + 1/30 HCO3- + H+ + e  AG= -6.892 
Electron Acceptor Half Reaction for Sulfate (Equation 2.4)  
1/8 S042 + 19/16 1-1÷ + e" > 1/16 H2S + 1/16 HS" + 1/2 H2O  AG= 5.085  
Net Reaction for Benzoate and Sulfate Coupling Reaction (Equation 2.5)  
1/30 C6H5C00" + 1/8 S042- + 3/16 11+ > 1/5 CO2 + 1/30 HCO3 + 2/30 H2O +  
1/16 H2S + 1/16 HS"  AGR= -1.807 15 
The reaction is favorable since AGR is negative. If AGR is positive it means that the 
reaction is not as favorable or the electron donor and election acceptor reactions are in 
reverse order. 
In TCE reductive dechlorination, TCE functions as an electron acceptor and 
fortuitously receives electrons given away by the electron donor. The electron transport 
mechanism is still unknown, but the chemical reaction is: 
TCE + 1-1+ + 2e--> DCE + Cl- (Equation 2.6) 
The coupling energy of an electron donor and an electron acceptor can be derived 
thermodynamically by comparing the electron half-reaction potentials of the donor and the 
acceptor. The electron half-reactions potentials are measured relative to a standard 
hydrogen electrode. Many environmentally significant half-reactions and their potentials 
are displayed in Figure 2.1. Compounds with a greater tendency to accept electrons are 
listed higher on the diagram. The electron donor is always listed below the electron 
acceptor, and the electron donor-acceptor coupling energy increases with increases in the 
difference between the potentials of the two half-reactions. 
The electron donor-acceptor coupling energy should be greater than the energy 
that is required to convert TCE to DCE isomers, DCE to VC and VC to ethylene. As the 
number of chlorine atoms on the chlorinated ethylene decreases, greater energy is required 
to remove the next chlorine atom away from the chlorinated ethylene (McCarty and _ ____ 
16 
Wilson, 1992). In principle, choosing a large electron donor-acceptor coupling energy 
pair is essential to ensure the complete dechlorination of TCE. 
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Figure 2.1.  Half-reaction reduction potentials for reducing and oxidizing agents 
after Vogel et al., 1987. 17 
From Figure 2.1, half-electron potential of hydrogen is lower than that of 
methanogenic conditions. When the coupling energy is too small to convert all the TCE 
transformation products, the transformation pathway of TCE may be blocked. This may 
result in undesirable intermediate products such as VC and c-DCE isomers (Vogel and 
McCarty, 1985). 
Using principles of thermodynamics, we can predict if a reaction will occur or not, 
but the pathway or mechanism of reaction, or the kinetics of the reaction can not be 
predicted. The thermodynamic electron donor-acceptor coupling energies can be used to 
predict whether each step in the transformation process will occur. 
2.3.6 Transformation Pathway 
The pathway for the anaerobic reductive dechlorination of TCE via DCE isomers, 
vinyl chloride, and ethylene has been suggested (Vogel and McCarty 1985; and DiStefano 
et al., 1991 and 1992). Of the three possible DCE isomers, 1,1 DCE is the least likely 
intermediate, while cis-1,2-DCE predominates over trans-1,2 DCE (Barrio-Lage et al., 
1986; Parsons et al., 1984; and Parson and Lage, 1985). VC is a known carcinogen, and 
is more harmful to human health and therefore has a more stringent MCL than TCE (see 
Table 2.1). Therefore, VC is not considered as an desirable product. The ideal 
transformation pathway of TCE to ethylene is provided in Figure 2.2. In order for 
anaerobic biotransformation to be useful, chlorinated solvents must be biotransformed to 
non-chlorinated, environmentally acceptable products such as ethylene and ethane. 18 
CCI1 = CCI2 
CHC1 = CCI2 
CH2 = CCI2 CHCI = CHCI 
CH2 = CHCI 
= CH2 
Figure 2.2.	  Anaerobic transformation of chlorinated ethylene (after Vogel et 
al., 1987). 
2.3.7 Anaerobic Biotransformation 
Recent research interests have focused on biological processes, because these 
methods can potentially convert the contaminants to harmless products. TCE has been 
degraded anaerobically with pure or mixed cultures under methanogenic, hydrogen-
utilizing and sulfate-reducing conditions. 
Under methanogenic (Freeman et al., 1989 and DiStefano et al., 1991) and 
hydrogen - utilizing conditions (DiStefano et al., 1992), TCE has been successfully reduced 
to ethylene in laboratory studies. In an earlier study by DiStefano (1991), methanogenic 
conditions were responsible for transformation of the chlorinated ethylene. The later 
DiStefano's (1992) and Zinder's (1995) studies progressively indicated that hydrogen-
utilizers under methanogenic conditions were responsible for the transformation. 19 
Di Stefano suggests that for bioremediation of chlorinated ethylenes, electron donors that 
cause the production of a large hydrogen pool should be selected. 
As illustrated in figure 2.3, methanol as the carbon source was used by 
methanogens and acetogens to produce hydrogen, methane and acetic acid. When 
methanogens were blocked by high concentrations of PCE, and hydrogen-utilizing 
bacteria, which are dechlorinating organisms, were responsible for the successive 
dechlorination of the PCE, TCE, DCE, and VC to ethylene. Based on the above model, 
Zinder suggested that a better-defined culture growing on 1-12 and PCE could be obtained 
if its nutritional needs were met. Methanogens could therefore be omitted in the 
transformation of chlorinated ethylene. 
Methanogens CH3OH  A II.'' CH4 
High PCE 
-12iatlents? 
Dechiorinating organisms 
H2  4 HC1 
PCE  ETH 
High PCE I 
Methanogens
CH  COOH	  CH4 3	 x 
Figure 2.3.	  Carbon and electron flow in a methanol-PEC anaerobic mixed 
culture. (after Zinder et al., 1995 and DiStefano et al., 1992). 
An early study under sulfate-reducing conditions shows TCE transformation merely to the 
intermediate c-DCE, and no further transformation (Bagley and Gossett, 1990). A later 20 
field study by Beeman et al. (1994) demonstrated the in-situ transformation of PCE and 
TCE to c-DCE. Microbial reductive dechlorination was accomplished by pumping 
benzoate (electron donor) and sulfate (electron acceptor) into the circulating groundwater. 
This study suggests that sulfate-reducing conditions can control the amount of VC 
produced, while VC is a common end product under methanogenic conditions (Beeman 
et al., 1994). 
A significant challenge in the present study was evaluating the potential for 
anaerobic TCE transformation at a site characterized by high sulfate concentrations in the 
groundwater. The high sulfate contamination will potentially inhibit the growth of 
methanogens, because sulfate ions are the major electron acceptors. Sulfate reducers also 
have higher substrate affinities than the methane-producing bacteria (Widdel Friedrich, 
1984). Sulfate ions are reduced to sulfide ions (S2), which also inhibit the function of 
methane-producing bacteria. 
Although obtaining mixed populations of methanogenic and sulfate-reducer sounds 
complicated, the following field studies demonstrated complete transformation of TCE to 
harmless non-chlorinated products of ethylene and ethane. 
In the field study by Semprini et al. (1995), dechlorination of TCE and DCE to VC 
and ethylene was associated with sulfate reduction and active methanogenesis. TCE 
dechlorination to DCE likely occurred under the less reducing conditions of sulfate 
reduction, with further reductions to VC and ethylene occurring under methanogenic 
conditions. Methanogenic and sulfate reducing conditions are observed in the subsurface 
near each other, revealing a syntrophic relationship between these two groups of 21 
microorganisms. This association could be a fermentative syntrophic association, wherein 
the sulfate reducers serve as hydrogen-producing bacteria, and methanogens serve as 
hydrogen scavengers (Bryant et al., 1977). Both microbes enhance each other's activity 
within a syntrophic relationship. The possible reactions are illustrated by using lactic acid 
as carbon and energy source. 
Desulfovibrio: 
2CH3CHOHCOO" + 2H20 > 2 CH3C00-+ 2CO2 + 4112 
Methanogens: 
4H2 + CO2 > CH4+ 2H20 
Total reaction: 
2CH3CHOHC00- -4 2CH3C00- + CH4 + CO2 
Major et al. (1991), performed both field and laboratory studies of in-situ 
biotransformation of PCE to ethylene and ethane. Methanol and acetate were the 
contaminants at the site which acted as carbon sources. Methanogenic populations and 
sulfate-reducing populations were co-existent in the subsurface sediments. 
From the above field studies, it can be concluded that methanogenic and sulfate 
reducing conditions are responsible for the complete transformation of TCE to ethylene, 
but the interactions of the two bacterial communities remained unknown. 
The present study involves using aquifer soils and groundwater from Gilbert-
Mosley site. Indigenous microorganisms were stimulated using various carbon sources. 22 
From early studies, benzoate (Beeman et al., 1994), methanol and acetate (Major et al., 
1991), short-chain organic acid or alcohol ( Gibson et al., 1992) and toluene (Sewell et al., 
1991) are potential electron donors to drive anaerobic CHA transformations. The 
observations of successful transformations in the field encouraged microcosm studies with 
addition of various electron donors. The addition of various substrates can stimulate 
indigenous bacteria that can carry out biological transformations. This microcosm study 
takes advantage of previous experiences in the field to provide a better understanding of 
the processes of TCE transformation, at the Gilbert-Mosley Site. 
Previous studies, show that anaerobic TCE transformation was associated with 
methanogenic conditions (Freeman et al., 1989 and DiStefano et al., 1991), hydrogen-
utilizing conditions (DiStefano et al., 1992 and Zinder et al., 1995) and sulfate-reducing 
conditions (Bagley and Gossett 1990). These studies identified anaerobic conditions that 
were capable of TCE transformation. 
In this microcosm study, one mission was to identify microbial conditions by 
measuring the TCE transformation products, microbial metabolic by-products, and ionic 
concentrations in the microcosms. Methane production, a major metabolic by-product was 
used for detecting the presence of methanogens. Sulfate consumption was used to identify 
the presence of sulfate reducers. Our goal was to identify the anaerobic conditions 
generated in the microcosms, and to determine how effective they were in promoting TCE 
transformation. 
Based on the results of the previous studies (Beeman et al., 1994, Major et al., 
1991, Gibson et al., 1992, and Sewell et al., 1991), successful carbon sources were 23 
selected for these microcosm studies. Some studies even suggest a syntrophic relationship 
among the microbes (Semprini et al., 1995 and Bryant et al., 1977). These previous 
studies provided a direction for the research and goals for this microcosm study. 24 
3. METHODS AND EXPERIMENTAL DESIGN 
3.1 Microcosm Preparation 
Microcosms that mimic various groundwater and soil conditions were created in 
125 ml amber bottles (Wheaton Class Co., Millville, New Jersey), each with an mini-inert 
valve (Pierce, Rockford, Illinois) for temporal sampling. An illustration of the microcosm 
is presented in Figure 3.1. 
4()----Headspace  Volume = 25m1 
4---Solution Phase  Volume = 80-90 ml  Total volume = 125m1 
4Solid Phase  Volume = 10-20 ml 
Figure 3.1  Microcosm construction. 
Each microcosm contains three different compartments: headspace, solution phase, and 
solid phase (aquifer solids). The headspace is the gas space between the solution phase 
and the mini-inert valve, which is located on top of the microcosm. The headspace 
initially contained Aligal gas (70% nitrogen and 30% carbon dioxide) and a fraction of the 
volatile organic compounds, such as TCE that partition from the solution phase. The 
solution phase mainly consists of groundwater from the contaminated site. In some 
microcosms, it was diluted with de-ionized water (DI). The solution phase initially 25 
contains Fe2+ ions, nitrate, and sulfate. The solid phase contains the aquifer solids 
obtained from the contaminated site. 
The microcosms were constructed by transferring 20 ml of aquifer soil to the 
serum bottle in an anaerobic environment. The anaerobic environment was created by 
purging Aligal gas through a glovebag (Instruments For Research And Industry, 
Cheltenham, PA) for 15 minutes.  80 ml of groundwater was then transferred to the 
bottle, which left a 25 ml of headspace in serum bottle. A mini-inert valve was used to cap 
the bottle. Finally, the appropriate volume TCE aqueous solution was added to achieve 
the desired concentration in the microcosm. All the microcosm parts and DI water were 
autoclaved except the mini-inert valve. After fabrication the microcosms were stored in a 
glovebag in an anaerobic environment of N2 and CO2. 
The purpose of this study was to determine the most suitable anaerobic growth 
substrate in order to obtain a desirable transformation pathway. Methods for sample 
preparation are described in Appendix A, and the contents of the microcosms are 
tabulated in Appendix B. Four different experimental groups were prepared on different 
construction dates with different microcosm conditions. A simplified version of the 
contents of each group is provided in Table 3.1. 26 
Table 3.1. Simplified version of sample preparations. 
Group#  Sample names  Microcosm conditions  Microcosm 
(bottle names)  construc-
tion date 
Group I  Bl, B2, B3 and B4  various dilution of groundwater with DI  7/21/94 
water and soil content and a control 
(B4) without benzoic acid addition 
Group II  Si, S2, S3, Cl, C2,  triplicate microcosms and control bottles  8/12/94 
C3 and C4  with high benzoic acid concentrations 
Group III  L1, L2, L3, L4,  combinations of group 2 and group 3  8/31/94 
CT1 CT2 and CT3  without a headspace (all liquid) 
Group IV  Y1,Y2,Y3,Y4,Y5,  Various carbon source microcosms  see details in 
Y6,Y7,Y8 and Y9  Appendix B 
3.2 Analytical Methods 
3.2.1	  Analysis of Volatile Organic Compounds (VOCs) via Gas 
Chromatography 
Volatile organic compounds were analyzed using gas chromatography. Two 
methods were developed: (1) a packed column with an electron capture detector (ECD), 
and (2) a micropacked column using a flame ionized detector (FID). The primary method 
for measuring TCE concentrations used a packed column with an ECD detector, due to its 
sensitivity and reliability. However, this method is insensitive for the detection of TCE's 
anaerobic transformation products, including the DCE isomers and VC. The micropacked 
column (Haysep Q by Resteck, Bellefonte, PA) with an FID method of detection, 
however, has good demonstrated sensitivity to DCE isomers at the concentration ranges 
studied. This FID method was therefore selected to measure DCE isomers, TCE 27 
concentrations and the related transformation products via analysis of the headspace of the 
microcosms. This alternative method permits the whole chemical distribution of the 
transformation pathway to be measured, including ethylene, as well as methane from 
methanogenesis. 
3.2.1.1 TCE Concentrations Measurement with Packed Column and 
Electron Capture Detector (ECD) 
This analytical method involves extraction of the chlorinated aliphatic 
hydrocarbons (CAHs) from the water sample, and subsequent analyses of the pentane 
extract by gas chromatography. The method for CAH analysis was adapted from the 
method for trihalomethane analysis presented in Standard Methods for the Examination of 
Water and Wastewater (1992). The procedure used in this research was developed and 
described by Niemet (1995). 
The pentane extraction process removes organic compounds such as TCE from 
aqueous samples. The method consists of withdrawing 100 pi of solution from each 
microcosm and transferring the solution into 16x125 mm glass culture tubes with Teflon® 
lined screw-top caps (VWR Scientific, Seattle WA). The tube contains 2 ml of pentane 
that was spiked with an internal standard (1.5 mg/L of CC14). The tubes were agitated 
using a vortex mixer for 30 seconds, before transferring 1.5 ml of the pentane phase to 2 
ml amber glass autosampler vials, with Viton® crimp-top caps (Sun Brokers, Wilmington 
NC). Finally, a gas chromatography automatic sampling device introduced 2 ill of the 
prepared extracts into the GC according to their sequence in the sampling holder. 
Calibration curves were developed using external standards in methanol (see Appendix C). 28 
The measurement device was a Hewlett Packard (Wilmington DE) 5890 gas 
chromatography equipped with a 7673A autosampler, a 3393A integrator and a 63Ni 
electron capture detector.  The sampling procedure consists of injecting 2 pi of pentane 
into a separating pack column (1/8"x8'; 15% squalene; CPAW-DMCS; 80/100; 5327PC, 
Alltech, Deerfield IL) and then detecting the analyte with the ECD detector. The injection 
port was set at 65 °C and the detection port was set at 320 °C. The oven is operated 
under isothermal conditions 65 °C for the whole sampling run. The head pressure was set 
at 41 psi (flow rate = 25 ml/min.), and an argon/methane (95/5) mixture was used as the 
carrier gas. The detection limit was as low as 50 pg/L with the above extraction method. 
3.2.1.2 Analysis of TCE, DCEs, Vinyl Chloride, Ethylene and Methane with 
a Flame Ionized Detector (FID) 
The serum bottle headspace concentration of each of the volatile organic 
compounds (ethylene, vinyl chloride, 1,1-DCE, 1,2-trans-DCE, 1,2-cis-DCE, ethene, and 
methane) was determined by the analysis of a 100 p.1 of microcosm headspace gas using a 
Hewlett Packard 5890 gas chromatography. The GC was equipped with a manual 
injection port and a Hayesep® Q Micropacked column (Restek Corporation, Bellefonte, 
PA). After passage through the column, the sample was detected by a FID detector. The 
column utilized nitrogen as the carrier gas. A flow rate of 11.5 ml/min. was achieved 
with a head pressure on the column of 39 psi. The injection port was set at 200°C and the 
detector was set at 220 °C. The column was operated under non-isothermal conditions, 
using a temperature gradient program The initial oven temperature was maintained at 45 
°C for 2 minutes, after which the temperature was increased at a rate of 3 °C/min. to 180 29 
°C; followed by an increase at a rate of 20 °C/min. to 220 °C. It was then kept at 220°C 
for 5 minutes for final clean-up of the system. Finally, the oven was cooled down to the 
initial temperature. This temperature program allows all the volatile compounds to be 
effectively separated. The retention times and operational concentration ranges for the 
analyzed compounds are provided in Table 3.2. A sample chromatogram is provided in 
Appendix C. 
Table 3.2.	  List of retention times and operational concentration ranges for 
volatile compounds in FID detector system. 
Chemicals  Retention time (minutes) 
methane  0.17 
ethane  0.64 
ethylene  0.89 
vinyl chloride  14.98 
1,1-DCE  20.60 
1,2-trans-DCE  24.05 
1,2-cis-DCE  27.19 
TCE  34.85 
PCE  42.75 
Operational (mg/L) 
Concentration Range 
N/A 
N/A 
N/A 
N/A 
0.25-5.0 
0.25-3.0 
0.25-5.0 
0.25-3.0 
N/A 
The aqueous concentrations of 1,1-DCE, 1,2-trans DCE 1,2-cis DCE and TCE in 
microcosms were determined by comparing peak areas in samples with those of external 30 
standards. Standards for headspace analyses were prepared by transferring 100 ml of 
known standard solutions to serum bottles (125 ml). The preparations of aqueous 
standards are described in Appendix C, and the operational concentration ranges of CAHs 
are listed in Table 3.2. Several aqueous standards were prepared in the concentration 
ranges required, and transferred to serum bottles. The bottles were then capped and 
allowed to stand overnight to achieve equilibrium between air and aqueous phases. Next, 
FID headspace analyses were performed and standard curves were developed. The 
concentrations of microcosms were determined based on these standard curves. 
A comparison of TCE concentrations measured using ECD method and FID 
method is provided in Figure 3.2. The triangular markers represent the TCE 
concentrations measured by ECD method; the circular markers represent the TCE 
concentrations measured by FID method. These data show very good agreement of the 
TCE concentration measurements within the time period ranging from 70 to 130 days. 
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Figure 3.2.  A comparison of measure TCE concentrations using ECD and FID 
methods. 31 
Both measurements employed independent concentration standards, and the results 
show that the TCE concentrations measured by FID method are consistent with the 
measurements made using of ECD method. The detection limit of TCE concentration was 
0.25 mg/L (1.9 .i.M /L) by FID method, and the maximum TCE concentration limit was 3 
mg/L. The FID method is suitable for slightly higher concentration measurements than the 
ECD method based on the provided method protocol. However, ECD method was more 
sensitive in low concentration range having a detection limit as low as 50 1..tg/L for TCE. 
3.2.2 Ion Chromatographic Analysis - Analysis of Anionic Compounds 
Ion chromatography (IC) was used to measure non-volatile anionic components 
such as carbon sources and various electron acceptors. In the present study, benzoic acid, 
acetic acid, butyric acid and propionic acid were tested as carbon sources. Nitrite, nitrate 
and sulfate ions served as electron acceptors for the anaerobic processes. Analysis of the 
solutions' anionic concentrations revealed biological information such as electron donor 
consumption as well as electron acceptor utilization. 
Benzoate, acetic acid, nitrate, nitrite and sulfate analysis were performed with an 
Ion Chromatography (Dionex series 40001, Sunnyvale CA) coupled to an ion exchange 
column (Dionex IonPac AS4A). A 100 gl sample was diluted to 1 ml with DI water for 
all IC analyses. 0.5 ml of diluted sample was then transferred to an autosampling vial. All 
the prepared samples were placed sequentially in an automated sampling device and the 
samples were injected sequentially into the ion-exchange column. Flows from the column 
were directed to a conductivity detector and the peak responses were processed by an 32 
integrator (Dionex 4270 Integrator). The column utilized a regenerant containing H2SO4 
(13.6 mM) and an eluent consisting of a mixture of Na2CO3(1.8 mM) and NaHCO3 (1.7 
mM). 
The initial groundwater anionic concentrations and their retention times are given 
in Table 3.3. A sample chromatogram and an anion calibration sample is provided in 
Appendix D. 
Table 3.3. Anionic concentrations and their retention times in groundwater. 
Chemical  Chemical  Retention Time  New Retention  
Compounds  Concentrations  (Minutes)  Time (Minutes)  
Nitrite  N/A  1.54  2.22 
Benzoate  0 mg/L  1.96  2.75 
Nitrate  46.0 mg/L  2.28  3.94 
Sulfate  398 mg/L  3.36  7.95 
A new column (IonPac AS4A) was installed to replace the old column on 
November 17, 1994. The retention time of the compounds is related to the elution 
concentrations and the condition of the IC column. A new set of retention times and new 
calibration curves were established.  Ideally, a new set of calibration curves should be 
established for every sample measurement because the IC column decreases the resolution 
capacity with increased usage. Running high concentration of samples will also reduce the 
life of the column. However, since the column condition decayed at a slow rate, the 
instrument was calibrated monthly. 33 
The concentration and output range of the ion chromatography analyses were 
determined for the following anions: chloride, nitrite, acetate, benzoate, nitrate and sulfate. 
The results are tabulated in Table 3.4. 
Table 3.4.	  The typical concentration ranges, retention time and output range for 
selected anions in ion chromatography analyses. 
Anions  Concentration Range (mg/L)  Typical values of  Output Range 
Retention 
times (minutes) 
Acetate  25-400  1.28  100 
Chloride  12.5-200  1.82  1000 
Nitrite  12.5-200  2.20  300 
Benzoate  25-400  2.59  100 
Nitrate  12.5-200  3.69  300 
Sulfate  25-400  6.8  300 
The concentration ranges were selected to meet site groundwater concentrations 
and the concentration range of the carbon source addition. The microcosms solutions 
anionic concentration can be varied depending on the needs of the experimental design. A 
list of retention times are given in Table 3.4. Finally, the output range is selected to 
modulate the electronic signal in the integrator. For example, chloride is very sensitive to 
the detector, so a high output range is selected when determining the concentration of 
chloride. According to Table 3.4, anions with same output range can be determined in a 
single sampling run. Otherwise, an additional sampling run is required for best results. 34 
The IC method used had one drawback in this study. It had low resolution for 
aliphatic acids. Acetic acid, butyric acid, and propionic all had the same retention time. 
The IC therefore could not measure multiple aliphatic acids at the same time. It simply 
provided a measurement for the total detector response to the acids present. 35 
4. RESULTS AND DISCUSSION 
The microcosm study was started in the summer of 1994. The study materials, 
groundwater, and aquifer core material were obtained from Gilbert-Mosley Site, Wichita, 
Kansas. Several microcosms, in four different groups, were prepared to mimic subsurface 
conditions. After construction, the microcosms were sampled for CAHs, ethene, ethane, 
methane and anionic concentrations. The results were plotted as graphical presentations 
of the aqueous concentration histories in the microcosm and discussed in five different 
categories according to the microbial activities. 
In this microcosm study, four different groups of microcosms were prepared and 
studied over the course of a year. Appendix B lists the contents, the dates on which 
microcosms were made, and the initial TCE concentration for each microcosm. The 
microcosms were divided into groups and each group was designed to test a certain 
condition or parameter. The purpose of each microcosm group is summarized as follows: 
1.	  Microcosms in Group I were used to determine the microbial conditions that could 
be stimulated in aquifer soil or groundwater. 
2.	  Microcosms in Group II were used to confirm the results from microcosm B3 in 
Group I. More controls were added to determine whether TCE transformation 
was biotic or abiotic in nature. 
3.	  Microcosms in Group III were devoid of the aquifer core material. This was done 
to simplify the complexity of mass balance calculations. The removal of core 
material eliminated the adsorption phenomenon. 36 
4.	  Different carbon sources were added to microcosms in Group IV to help 
determining which carbon source was most suitable for the anaerobic 
transformation of TCE. 
Group I consisted of microcosms Bl, B2, B3 and B4. The purpose of this group 
was to determine the microbial conditions that could be stimulated with aquifer material or 
groundwater. Microcosm B1 contained benzoate, 20 ml of aquifer material and 80 ml of 
DI water. Groundwater was not added. On the other hand, microcosm B2 contained 100 
ml of groundwater and benzoate but no aquifer material. Microcosm B3 contained 
benzoate, 20 ml of aquifer soil, and 80 ml of groundwater. Microcosm B4 was originally 
designated as a control for microcosm B1. Both microcosms B1 and B4 had similar set-
up, but no benzoate was added to B4. A small amount of benzoate was later accidentally 
introduced into microcosm B4. 
Microcosm group II consisted of a triplicate study, microcosms Si, S2, and S3, 
and control microcosms Cl, C2, C3, and C4. The triplicate study was undertaken to 
confirm the results from microcosm B3, which was the first microcosm to show signs of 
sulfate-reduction. The contents of the microcosms, therefore, were similar to that of 
microcosm B3. The contents of all the microcosms are listed in Appendix B. 
Microcosms, Cl and C2, were controls for the triplicate study. Microcosm Cl had no 
carbon source added, while the groundwater used in microcosm C2 was autoclaved. 
Microcosm C3 contained only autoclaved groundwater and benzoate. Microcosm C4 37 
contained only DI water and benzoate. These controls were added to determine whether 
TCE transformation was due to biotic or abiotic reactions. 
Group III microcosms were operated under conditions where the aquifer core 
material was eliminated or reduced. The purpose of this group was to eliminate the core 
material and simplify the complexity of mass balance calculations. Microcosms L1 and L2 
had no aquifer material, while microcosms L3 and L4 had 10 ml of aquifer soil. Controls, 
microcosms CT1, CT2 and CT3, were added according to the compositions of 
microcosms Ll, L2, L3, and L4. The compositions of Group III microcosms are also 
listed in Appendix B. 
Group IV microcosms involved alternative carbon source additions contained 20 
ml of aquifer soil, 40 ml of groundwater, and 40 ml of DI water. The added carbon 
sources were methanol, toluene, acetate, ethanol, butyrate, propionate, and phenol for 
microcosms Y3, Y4, Y5, Y6, Y7, Y8, and Y9 respectively. These microcosms were built 
with two outlets for mass adjustments during sampling procedures. Solution replacements 
and gas pressure adjustments were needed to ensure constant solution volume in these 
microcosms. These microcosms were incubated at an elevated temperature of 31 °C to 
reduce the lag time for growth. These microcosms were used to search for complete TCE 
transformation pathway where TCE would be transformed all the way to ethylene. 
Besides the addition of various carbon sources, several additional microcosms 
were also included in Group IV. Microcosm Y1 had the same composition as microcosm 
L2. Microcosm Al, which contained groundwater and site solids, had a TCE 
concentration that was three times higher than the triplicate's concentration. 38 
The discussion of the results is divided into the following categories: 
1. Microcosm controls, 
2. Microcosms where TCE transformation was associated with sulfate-reduction, 
3. Microcosms where TCE transformation did not coincide with sulfate-reduction, 
4. Microcosms without significant TCE transformation, and 
5. Microcosms that had different carbon source additions. 
4.1 Microcosm controls 
The controls were duplicated experimental set-ups that were performed under the 
same conditions as the active tests except for one factor being tested. In this microcosm 
study, seven controls (microcosms C1, C2, C3, C4 ,CT1, CT2, and CT3) were 
constructed for comparison with the active microcosms. Each control was used to test a 
specific factor that might influence TCE transformation. These factors were explored to 
better evaluate the processes involved in the anaerobic transformation of TCE. Two 
major factors that needed clarification were: 
1. Is the transformation of TCE an abiotic or a biotic reaction? 
2. Does carbon source addition enhance microbial growth? 
The following presents a description of the controls, their composition, and 
graphical presentation of the data. The controls demonstrated that the mini-inert valve 
prevented losses of CAHs from the microcosms. 
Results from microcosm Cl presented in Figure 4.1 show persistence of TCE and 
sulfate when no carbon source was added. Microcosm Cl indicates little TCE was 
transformed without carbon source addition. Without carbon source addition, the 39 
microcosm showed no signs of microbial activity. The persistence of TCE concentration 
also reveals the effectiveness of the mini-inert valve in holding the volatile organic 
contents within the microcosms for periods of up to 300 days. 
Microcosm C2 (Figure 4.2) was an analogue of microcosms B3, Si, S2, and S3, 
that were active sulfate-reducing microcosms. However, C2 was autoclaved. The 
autoclaving process reduced the number of native bacteria and subsequently the biotic 
activities were greatly inhibited. Even the addition of benzoate (BAS) resulted in no 
sulfate consumption. The same principle is applied to microcosm C3 (Figure 4.3), an 
autoclaved analogue of microcosm B2 that was an active TCE transforming non-sulfate-
reducing microcosm. Benzoate, sulfate, and TCE concentrations persisted in microcosm 
B2, which indicated no sign of microbial activity. 
Microcosm C4 (Figure 4.4) contained 95 ml of DI water, benzoate as the carbon 
source, but no aquifer solids. It showed no chemical interaction between TCE and 
benzoate. Microcosms CT1 (Figure 4.5) and CT2 (Figure 4.6) represent controls of TCE 
in DI water and TCE in autoclaved groundwater respectively. No loss of TCE was 
observed. The result indicated that hydrolysis processes did not transform TCE. 40 
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Figure 4.1	  TCE and sulfate concentrations in control microcosm Cl which 
contained 20 ml of soil and 80 ml of groundwater without the addition 
of carbon source. 
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Figure 4.2  TCE and sulfate concentrations in autoclaved microcosm C2 
which contained 20 ml of soil and 80 ml of groundwater. 41 
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Figure 4.3  Autoclaved microcosm C3 which contained 95 ml of groundwater and 
benzoate (BAS) as the carbon source. 
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Figure 4.4  Microcosm C4 which contained 95 ml of reverse osmosis water and 
benzoate as the carbon source. 42 
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Figure 4.5  Microcosm CT1 which contained reverse osmosis water and TCE. 
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Figure 4.6  Microcosm CT2 which contained autoclaved groundwater and TCE. 43 
These controls demonstrate that TCE transformations did not occur in the absence 
of biological activity. Without the addition of a growth substrate, the microcosms showed 
no sign of microbial activity. Even when growth substrate was present, the autoclaving 
process reduced the growth of microorganisms for up to 300 days. The controls also 
demonstrated that the microcosm set-up used was effective in preventing losses of volatile 
organic carbon (TCE) for periods of up to 300 days. 
4.2	  Microcosms Where TCE Transformation Was Associated With Sulfate 
Reduction (Benzoate as Carbon Source) 
Sole carbon source addition into the microcosms stimulated the growth of 
indigenous sulfate-reducing microorganisms. The carbon sources that stimulated sulfate-
reduction were: benzoate, methanol, acetate, ethanol, propionate, and butyrate. Sulfate 
was the major electron acceptor for these carbon sources, because the site groundwater 
contained high concentrations of sulfate ( 400 mg/L) and moderate concentrations of 
nitrate (-46 mg/L). Since benzoate had been successfully used as a carbon source for 
anaerobic TCE transformation by Beeman et al. (1994), it was selected for detailed study 
here. The major findings on addition of benzoate as a carbon source are presented in this 
section. 
Microcosm B3 was the first one to show signs of sulfate-reduction. A black 
precipitate, likely iron sulfide was formed. A more controlled study was performed with 
triplicate microcosms Si (Figure 4.7), S2 (Figure 4.8) and S3 (Figure 4.9) using 
groundwater and solids from the Gilbert-Mosely site. The initial conditions of the 
microcosms were as follows: the aqueous phase groundwater contained 400 mg/L of 44 
sulfate; TCE and benzoate were added at concentrations of about 2.5 mg/L (19.02 4M) 
and 1000 mg/L respectively; the ratio of volume of groundwater to that of aquifer solids 
was approximate by 4 to 1; nutrients were not added to the microcosms; the microcosms 
were incubated at room temperature. 
The growth of microorganisms was indicated by a reduction of sulfate 
concentration in the microcosm groundwater. Microcosm Si had a lag period of 50 days 
before sulfate-reduction was evident (Figure 4.7). After the lag period, it took about 60 
days to consume all the sulfate, and 25 days to transform TCE to c-DCE. c-DCE 
accumulated as a transformation product. The addition of sulfate into microcosm Si at 
180 days did not initiate c-DCE transformation. Thus, sulfate-reduction enhanced only 
the transformation of TCE, but not of c-DCE. Also, sulfide toxicity evidently did not 
inhibit the sulfate-reducers' ability to consume sulfate, since sulfate was consumed upon 
addition at 180 days. 
In the triplicate study (microcosm Si, S2, and S3) the growth of microorganisms 
required the presence of aquifer solids, site groundwater, but no additional nutrients. The 
results from these three microcosms showed similar trends. TCE transformation occurred 
with sulfate-reduction, and the major transformation product was c-DCE. c-DCE 
persisted in the microcosms and no further transformation was observed under sulfate-
reducing conditions. 
From Figure 4.7, Figure 4.8, and Figure 4.9, the reproducibility of the observations 
is apparent TCE transformation always occurred after the sulfate concentration was 
reduced below approximately 200 mg/L. Minor production of methane was also 45 
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Figure 4.8  Microcosm S2 stimulated by benzoate addition. 46 
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Figure 4.9  Microcosm S3 stimulated by benzoate addition. 
observed in these microcosms. Thus, we can't be certain sulfate-reducing conditions 
alone were responsible for the TCE transformation. 
In order to help verify sulfate-reduction was responsible for TCE transformation, 
microcosm Y1 was constructed. Microcosm Y1 (Figure 4.10) had initial concentrations 
of benzoate and sulfate that were lower than those of microcosms Si, S2, and S3. 
Microcosm Yl had a shorter lag period of 20 days, because it was spiked with the culture 
from microcosm B3 through the addition of groundwater from microcosm B3. The 
microcosm, therefore, initially had a high number of sulfate-reducing microorganisms. 
The purpose of microcosm Yl study was to attempt and allow methanogenic conditions 
to be enhanced by slowing down the process of sulfate-reduction, and potentially reduce 
sulfide toxicity. 47 
The initial concentration of benzoate was less than 50 mg/L and concentration of 
sulfate was 150 mg/L. During the first 50 days, microcosm Y1 showed slow rate of 
benzoate consumption and sulfate-reduction (Figure 4.10). Later, a spike of benzoate on 
day 50 brought up the benzoate concentration to 400 mg/L. After a lag of 30 days, TCE 
was transformed rapidly between 80 and 110 days.  Over all, sulfate-reduction was not 
influenced by benzoate addition but the TCE transformation was sensitive to high 
concentrations of benzoate. This observation suggests that TCE transformation might not 
only be associated with sulfate-reduction, but the fermentation of benzoate might also be 
responsible for TCE transformation. Anaerobic fermentation induced benzoate ring 
breakage and released hydrogen as by-product (Brook et al., 1994). The released 
hydrogen might be responsible for TCE transformation via the reaction shown in Figure 
2.3 (DiStefano et al., 1992). 
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Figure 4.10	  Microcosm Y1 contained benzoate stimulated microorganisms 
associated with sulfate reduction. The initial sulfate concentration 
was low in comparison to the triplicate study. 48 
Mass balances of the TCE transformed and c-DCE that accumulated are tabulated 
in Table 4.1. The amount of c-DCE that accumulated is slightly higher than the amount of 
transformed TCE. The excess amount of c-DCE might have derived from TCE that was 
initially absorbed on the aquifer solids, as was illustrated in Figure 4.11. Here TCE was 
not added to the microcosm, but likely resulted from desorption from the aquifer solids. 
The producing of c-DCE was not likely observed since the concentration produced was 
below detection limit of c-DCE of 0.25 mg/L. Overall the mass balances agree very well 
considering the concentrations were determined using two different GC methods. 
Table 4.1	  Mass balance for transformed TCE and accumulated c-DCE in 
microcosms S 1, S2, and S3. 
Microcosm  Transformed TCE concentration  Accumulated c-DCE concentration 
(I-LM /1-)  (1-1M /14 
Si  17.9  22.3 
S2	  19.0  20.3 
S3	  19.5  20.6 
Table 4.2 presents sulfate and benzoate consumption rates, TCE transformation 
rates, the ratio of ATCE/ASulfate transformation rates, and the lag period before sulfate-
reduction was observed in the various microcosms. The rates and the ratios were 
determined after the lag period, during the time when sulfate was being rapidly reduced 
and TCE was being rapidly transformed to c-DCE. The rate of reactions were assumed to 
be zero-order. A best-fit line was used to estimate the rates over a time interval of 30 
days. 49 
Table 4.2  Rates of chemical consumption and lag periods for microcosms Si, 
S2, S3, and Y4. 
Micro- Consumption  Transforma- Consumption  Abenzoate  ATCE  Lag 
cosms  of sulfate  tion of TCE  of benzoate  /sulfate  /sulfate  period 
(mg/L/day)  (pg/L/day)  (mg/L/day)  (mg/mg)  (pg/mg)  (days) 
S1  100  880  70  0.7  8.8  50 
S2 20  220  50  2.5  10  50 
S3  60  430  50  0.83  7.2  75 
Y1 20  90  9  0.45  4.5  20 
days 
20-50 
Y1  12  230  N/A  N/A  19.2  N/A 
days 
80-110 
The data in Table 4.2 indicates that 51, S2, and S3 microcosms had fairly 
reproducible lag periods of approximately 60 days. The generation of sulfate-reduction 
conditions was reproducible through benzoate addition. High sulfate-consumption rates 
and high TCE transformation rates were associated with addition of high concentrations of 
benzoate. TCE transformation appears to be associated with sulfate-reduction. On the 
other hand, microcosm Yl, which had a low rate of sulfate and benzoate consumption, 
had a low rate of TCE transformation when calculated for the period between 20 and 50 
days. At a later time after a spike of benzoate was added, a faster rate of TCE 
transformation is induced over the period of 80 and 110 days. During this period sulfate-
reduction was insignificant and fermentation of benzoate was suspected to be responsible 
for TCE transformation. 50 
According to the net benzoate and sulfate half reactions (Eq.1 and Eq. 2), the 
theoretical ratio of Abenzoate / Asulfate consumed is 0.34. This ratio represents the 
consumption of benzoate to sulfate under strictly anaerobic conditions. By comparing the 
theoretical value with the values (Abenzoate/A sulfate) in Table 4.2, it is obvious that the 
values observed in the experiment are higher than the theoretical value. The higher 
experimental values indicate that excess benzoate is being consumed under aerobic or 
anoxic conditions. Microcosm S2 had a fairly large value (2.5) which may have resulted 
from leaking oxygen through the mini-inert valve into the microcosm. However, the 
above comparison also assumes that the benzoate was completely oxidized to CO2. Also, 
there was a limitation on the benzoate concentrations data. The IC measurements for 
benzoate concentration were more sensitive at the low concentration ranges than high 
concentration ranges. So the data obtained over 800 mg/L were less reliable than the data 
obtained under 400 mg/L. 
Microcosms Si, S2, and S3 have reproducible ratios of rates of TCE 
transformation to rates of sulfate reduction (ATCE/ASulfate). This further supports the 
hypothesis that transformation of TCE was mainly associated with process of sulfate-
reduction. However, some methane production was observed during the TCE 
transformation. Thus the possibility of benzoate fermentation and methane production 
associated with the transformation can't be ruled out. The ratios show that on a mass 
basis about 1 mg of TCE was degraded for every 100 mg of sulfate reduced. This is not a 
maximum ratio since essentially all the TCE in the microcosm was degraded. 51 
One of the controls, microcosm CT3 (Figure 4.11), contained groundwater and 
aquifer solids. TCE addition was intentionally left out as a controlling factor. TCE was 
not detected in the groundwater initially added. The lag time of less than 50 days for 
sulfate-reduction, was shorter than that observed in the triplicate study. A small amount, 
about 0.3 mg/L, of TCE was detected when measurements were initiated after 40 days of 
incubation. This TCE was removed in about 130 days. A likely source of TCE was 
desorption of TCE from the aquifer solids. The establishment of sulfate-reducing 
conditions was associated with the transformation of TCE that was sorbed onto the 
aquifer solids. 
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Figure 4.11.	  Sulfate-reduction enhanced the transformation process of TCE 
sorbed onto aquifer solids. 52 
In summary, the microcosms in which sulfate was reduced, required the presence 
of aquifer solids, site groundwater, and high concentrations of benzoate (1000 mg/L). 
The effect of low benzoate and sulfate concentrations was also tested. Zero order rates 
of chemical consumption were tabulated and compared. The results show that the TCE 
transformation was mainly associated with sulfate-reduction. However, other potentially 
important processes were benzoate fermentation and methane production. c-DCE 
accumulated and persisted as a transformation product in the microcosms. Also, a small 
amount of TCE desorption was observed from the aquifer solids, which was removed with 
the establishment of sulfate-reducing conditions. 
4.3	  Microcosm with TCE Transformation Occurred Without Apparent Sulfate-
Reduction 
Without apparent sulfate reduction, microorganisms that degraded TCE under 
modified microcosm conditions were stimulated in the presence of benzoate. Microcosm 
B2 (Figure 4.12) was incubated from groundwater and had no aquifer solids. 
Microorganisms were stimulated without inoculation, with a lag time of more than 200 
days. As shown in Figure 4.12, the accumulation of c-DCE was equivalent to the amount 
of transformed TCE. This demonstrates that transformation was responsible for the 
disappearance of TCE. 53 
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Figure 4.12	  TCE transformation associated without apparent sulfate 
reduction in microcosm B2. 
TCE transformation, in this case, was not associated with active sulfate-reduction. 
There was however evidence of microbial activity in the microcosms. In Figure 4.13, 
three gas chromatograms (GC-FID) are presented in a chronological order. The 
chromatograms were taken during the period of TCE transformation. The chromatograms 
show the TCE peak (retention time at 34.9 minutes) decreasing while the c-DCE peak 
(retention time at 27.15-27.19 minutes) was increasing. 54 
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Figure 4.13	  GC chromatograms illustrating TCE transformation to c-DCE and 
the production of an unknown volatile organic compound possibly 
from benzoate transformation (Retention time of TCE at 34.9 min., 
and DCE at 27.1 min., and volatile organic compound at 24.8 min.). 55 
An unknown volatile organic compound (VOC), which has a retention time of 
24.08 minutes, was detected for microcosm B2. This peak had been observed before 
c-DCE was detected during the process of TCE transformation. The peak was then 
degraded at a slow rate over a period of one half-year. The same peak was also observed 
in the chromatograms of the microcosms associated with sulfate-reduction. For example, 
Figure 4.14 presents a chromatogram of microcosm Si taken during the period of TCE 
transformation. Two unknown peaks were found during sulfate-reduction period. One of 
the peaks had a retention time close to that of c-DCE at 24.08 minutes and the other peak, 
had a retention time of 33.4 minutes. The former peak had the same retention time as 
observed for microcosm B2. The latter peak disappeared rapidly, soon after the 
completion of TCE transformation. 
GC analysis using the GC-ECD method was performed to determine if the 
unknown peak was chlorinated. A liquid sample was analyzed using the pentane 
extraction method previously described. c-DCE was detected in the analysis, but the 
unknown was not. This indicated that the unknown was not a chlorinated compound. We 
also tested the FID analysis to determine if the unknown was hydrogen sulfide. Hydrogen 
sulfide, however, had a retention of 42 minutes on the chromatogram. 
We suspect that this product resulted from the anaerobic catabolism of benzoate, 
followed by ring cleavage where fatty acids and hydrogen are formed. The unknown may 
be a volatile fatty acid. No attempt, however, was made to further characterize this 
unknown peak. 56 
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Figure 4.14	  A sample chromatogram of microcosm Si which was associated with 
sulfate-reduction. 
In the case of microcosm Al (Figure 4.15), TCE transformation occurred 
following a lag period of 90 days, proceeded by sulfate-reduction. The contents of 
microcosm Al were similar to those of other microcosms that exhibited sulfate-reduction. 
In microcosm Al, rapid transformation of high TCE concentrations (8 mg/L) was 
observed 50 days after the completion of sulfate reduction. The exact mechanism is still 
unknown, however, the transformation did not coincide with sulfate-reduction. A fair 
amount of methane gas production was observed in this microcosm. Thus, TCE 
transformation may have been associated with methanogenesis. A small unknown VOC 
peak was observed, that implied fermentation might be involved as well. After the 
completion of TCE transformation, degradation of benzoate was observed in the absence 
of sulfate. The degradation of benzoate might be due to fermentation. Again c-DCE was 
the major transformation product. Some losses of c-DCE had been observed. This may be 
due to the leakage through septa when gases escaped during sampling. The leakage 57 
resulted from the pressure build-up associated with methane production. However, 
subsequent transformation products, VC and ethylene, were not detected. 
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Figure 4.15.	  TCE transformation associated with bacteria without apparent sulfate 
reduction in microcosm Al. 
Under modified conditions, two microcosms showed TCE transformation in the 
presence of benzoate without apparent sulfate-reduction. An unknown non-chlorinated 
VOC was observed during the transformation process. The same observation was 
observed under sulfate-reducing conditions as well. The identification of the unknown 
peak might help reveal the mechanism of TCE transformation. Besides sulfate reduction, 
the presence of methanogenic and fermentative conditions might have induced TCE 
transformation. c-DCE was the major transformation product whether the reactions were 
associated with sulfate-reduction or not. Further degradation products were found in 
insignificant amounts. 58 
4.4 Microcosms Without Significant TCE Transformation 
Microcosms that did not show significant TCE transformation will be discussed in 
this section. Although these results do not have positive implications as far as TCE 
transformation, some observations are worth noting. When compared with the active 
microcosms, it appears that missing nutrients may have played an important role in 
prohibiting proper microbial growth. Table 4.3 summarizes the contents and missing 
components for these microcosms. This information might provide reasons for the failure 
of these microcosms. 
Table 4.3	  The contents and missing components of microcosms without 
significant TCE transformation. 
Microcosm	  Contents  Missing Component 
B1	  20 ml of solids + 80 ml of DI water  Site ground water 
+ benzoate addition + nitrate (later addition) 
B4  20 ml of solids + 80 ml of DI water  Site ground water 
+ benzoate addition, + nitrate(later addition) 
Ll  100 ml of groundwater  Site aquifer solids 
+ benzoate addition 
L2  50 ml of groundwater + 50 ml of DI water  Site aquifer solids 
+ benzoate addition 
L3  10 ml of solids + 90 ml of DI water  Site ground water 
+ benzoate addition 
L4  10 ml of solids + groundwater  None 
+ benzoate addition + acetate (later study) 
Y2  20 ml of groundwater + 60 ml DI water  Site aquifer solids 
+ spike of 20 ml B1+3m1 B3 +ml B4 
Microcosms B1 (Figure 4.16) and B4 (Figure 4.17) were constructed with DI 
water instead of site groundwater. As a result, incomplete TCE transformation was 59 
observed, even after sulfate was added. Later in the study, nitrate was added in successive 
respikes. Rapid nitrate degradation was observed indicating denitrifiers were easily 
stimulated, and the nutrients needed, at least for the growth of denitrifiers, were not 
limiting. No TCE transformation, however, was observed during denitrification. Sulfate 
was also introduced into microcosms B1 and B4. Successive sulfate additions and 
reductions did not enhance TCE transformation. 
For microcosm B4, major sulfate-reduction was not observed during later 
additions of sulfate (Figure 4.17). At early time, microcosm B4 showed a small amount of 
TCE being removed. The initial TCE concentration was 1.44 mg/1 and it was finally 
reduced to 1 mg/L. No accumulation of c-DCE was observed., but small amounts of 
ethylene, ethane and methane were produced. Shortage of groundwater may limit 
nutrients and Fe2+ ions required by the microorganisms. A previous study (Goldhaver et 
al., 1974) indicated that Fe2+ ions were essential for the growth of sulfate-reducing 
bacteria. The metal ion may also complex sulfide, products of sulfate-reductions, which 
serves in detoxifying the medium within the microcosm (Bellar et al. 1995). Shortage of 
Fer ions due to lack of groundwater addition may have inhibited sulfate-reduction and 
TCE transformation processes in microcosm B4. 
Microcosm L1 (Figure 4.18) was constructed with groundwater and without the 
addition of aquifer solids. Sulfate, benzoate, and TCE removal from the microcosm were 
not observed. Microcosm Ll had a similar set-up as that of microcosm B2 that showed 
some TCE transformation without apparent sulfate-reduction (see Figure 4.11). The 
benzoate and TCE concentrations, however, were lower in microcosm LI. Thus, the 60 
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Figure 4.16  Microcosm B1 had no significant TCE transformation. 
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Figure 4.17  Microcosm B4 had no significant TCE transformation. 61 
higher concentration of benzoate may have been a factor. This further supports the 
hypothesis that benzoate anaerobic catabolism via ring reduction followed by ring 
cleavage to yield straight chain fatty acids ( Brock et al., 1994), and hydrogen production 
is associated with TCE transformation. Fermentation may be responsible for 
methanogenic conditions that were created. Under these fermentative conditions, TCE 
transformation occurs. Further study is needed to confirm this hypothesis. 
Microcosm L2 (Figure 4.19) was constructed with groundwater and DI water 
(50:50 ratio) without the addition of aquifer solids. Microcosm L2 showed signs of 
sulfate reduction, however sulfate reduction terminated at low sulfate concentrations. 
Since site aquifer solids were absent in this microcosm, toxicity of sulfide might have been 
responsible for the termination of sulfate reduction. 
Microcosm L4 (Figure 4.20) resembled microcosms B3, Si, S2, and S3, but it had 
lower amounts of solids and a lower benzoate concentration. Microcosm L4 contained 10 
ml of aquifer solids and 90 ml of groundwater. Initially a small amount of benzoate was 
added. The benzoate concentration was about half that of sulfate. 62 
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Microcosm L2 
250  1.4 
1.2 
200 
- 
-6)  1 
E  
0) c150 -
0   0.8 E 
a  
0 
(.0 z  0.6 w 
a 
x, 100 
c  1-
co 
0.4 
50 -
0.2 
BAS  SO4 -a- TCE 
0 0 
0  50  100  150  200  250  300  350 
Time (days) 
Figure 4.19  Microcosms L2 had no significant TCE transformation. 63 
450 
Microcosm L4 
400  BAS -e- SO4 - --ACETATE -e-TCE 
350 
g 300 
c.) 
a) 
.! 250 
z 
rn 
c 200 
U, 
150 
CI; 
:1  100 
50 
0 
0  30  60  90  120  150  180  210  240 
I 
270 
I 
300 
0 
330 
Time (days) 
Figure 4.20.  Microcosms L4 had no significant TCE transformation. 
The early time incubation showed some TCE transformation, which was associated with 
sulfate reduction and the consumption of benzoate. A small amount of c-DCE and vinyl 
chloride were detected as transformation products. No further transformation of TCE 
was observed after 120 days of incubation. After 180 days of incubation, the addition of 
acetate and sulfate to the microcosms did not induce TCE transformation, even though 
sulfate-reduction was enhanced by acetate addition. 
In summary, microcosms that did not show significant TCE transformation were 
those lacking required nutrients due to aquifer solids or groundwater not being present. 
This likely led to improper microbial growth conditions. When groundwater was missing, 
incomplete sulfate-reduction was observed. Therefore, a shortage of groundwater may 64 
have limited nutrients and Fe2+ ions that sulfate-reducing bacteria require. On the other 
hand, missing aquifer solids also prohibited the growth of sulfate-reducers, which implies 
that the growth of sulfate-reducers is dependent on the presence of aquifer solids. Native 
groundwater and aquifer solids are two essential components for stimulating sulfate-
reducing conditions. Another observation is that high concentration of benzoate might 
induce fermentation and production of hydrogen. The produced hydrogen could further 
induce methanogenic conditions that are responsible for TCE transformation. This 
hypothesis requires further study to confirm its validity. 
4.5  Microcosms That Had Different Carbon Source Additions 
After benzoate addition studies were completed, alternative carbon sources were 
tested. One of the goals of the multiple substrate study was to determine whether 
conditions could be created to get complete transformation of TCE to ethylene. Another 
goal was to generate a methanogenic culture by adding various carbon sources. Basedon 
previous work (Major et al.; 1991, Sewell et al.; 1991, Semprini et al., 1993; and Rhee et 
al., 1992), alternative primary substrates chosen for this study included methanol, ethanol, 
acetate, propionate, butyrate, toluene, and phenol. All these carbon sources are highly 
soluble in water. This property is important as it will enhance the efficiency of delivering 
the primary substrate for in-situ treatment. In addition, some of these substrates, such as 
phenol and toluene, have been utilized in aerobic treatment of chlorinated solvents. We 
therefore wanted to determine whether phenol and toluene were suitable for anaerobic 65 
TCE transformation, since there is a possibility of using anaerobic treatment followed by 
aerobic treatment to clean up the site. 
For each microcosm, only a single substrate was added. The microcosms were 
inoculated with microorganisms from the B3 sulfate-reducing-microcosm by spiking 3 ml 
of its solution into each new microcosm. The initial groundwater was diluted with DI 
water to lower the sulfate concentration to 150 mg/L. This was done in an attempt to 
grow methanogens along with sulfate-reducing bacteria, in order to create a mix-culture 
that could transform TCE to ethylene. These microcosms were incubated at 31 °C in order 
to shorten the growth lag period. 
The results of the carbon source study are summarized in Table 4.4. Sulfate-
reducing microorganisms were enhanced in microcosms Y3, Y5, Y6, Y7 and Y8 within 20 
days of substrate addition. 
Table 4.4	  A summary of results for microcosms with various carbon sources 
addition. 
Microcosm  Carbon Source  Sulfate Reduction  TCE  c-DCE 
Removal  accumulation 
observed 
Y3  Methanol  Yes  Yes (totally)  Yes 
18.73 liM  20.50 JAM 
Y4  Toluene  No  Insignificant  N/A 
Y5  Acetate  Yes  Yes (totally)  Yes 
30.67µM  14.9µM 
Y6  Ethanol  Yes  Yes (1/2)*  N/A 
Y7  Butyrate  Yes  Yes (1/2)*  N/A 
Y8  Propionate  Yes  Yes (1/3)*  N/A 
Y9  Phenol  No  Insignificant  N/A 
*TCE losses could be due to gas leakage. 66 
From the above results, it can be concluded that short chained aliphatic 
hydrocarbons (methanol, acetate, ethanol, butyrate, and propionate) successfully induced 
sulfate-reducing conditions. TCE removal was observed in microcosms Y3, Y5, Y6, Y7, 
and Y8. Methanol and acetate were the best substrates among these carbon sources. The 
short chained aliphatic hydrocarbons successfully enhanced TCE transformation, c-DCE 
was observed as the main product in microcosms Y3 and Y5. However, c-DCE 
accumulation was not observed in microcosms Y6, Y7, and Y8. Thus TCE 
transformation could not be confirmed in these microcosms. The loss of TCE could be due 
to gas leakage through the septa within the mini-inert valves. 
On the other hand, microcosms Y4 and Y9, which contained toluene and phenol 
respectively, showed no significant sulfate-reduction or TCE transformation. Microcosm 
Y9 showed some TCE transformation at an early stage when the added phenol 
concentration was low. However when excess phenol was added at a later stage, the 
transformation process stopped. Further investigation on using phenol as a carbon source 
is suggested. This can be done by feeding microcosms with various concentrations of 
phenol. 
In microcosm Y5 (Figure 4.21), acetate was fed as the main carbon source. A 
small amount of benzoate, which was transferred through the spiked solution, ensured that 
the microorganisms adopted to the changed environment. Subsequent additions of acetate 
and sulfate confirmed that acetate acted as an alternative carbon source. Two successive 
sulfate additions induced complete TCE transformation. During sulfate reduction, 
complete transformation of TCE to c-DCE was observed. 67 
TCE transformation slowed down between 20 and 40 days. The addition of 
sulfate during this time enhanced sulfate-reduction, but not TCE transformation. A pH 
paper was used to measure acidity of the solution in the microcosm. The acidic conditions 
were measured which are not favorable for the growth of anaerobic bacteria. Sodium 
bicarbonate was therefore added to offset the acidic conditions. The pH of the medium 
was adjusted to be greater than 7. The rate of TCE transformation increased after day 40, 
when the pH of the solution was adjusted (Figure 4.21). Presently we do not know 
whether the change in pH was responsible for the observed increased rate of TCE 
transformation. 
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Figure 4.21  Microcosm Y5 fed with acetate and successive additions of sulfate. 68 
Methanol and ethanol were added as carbon sources to microcosms Y3 (Figure 
4.22) and Y6 (Figure 4.23) respectively. Sulfate, as an electron donor, was added 
successively at a low concentration of 150 mg/L. In this study, methods were not 
available for the measurement of methanol and ethanol, so their concentrations are not 
presented in the figures mentioned above. In microcosm Y3, complete TCE 
transformation was observed and an equivalent amount of c-DCE was also observed. 
Most of the TCE was transformed after the third addition of sulfate. 
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Figure 4.22  Microcosm Y3 fed with methanol and successive additions of 
sulfate. An adjustment of solution pH was done on the 50th day. 69 
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Figure 4.23	  Microcosm Y6 fed with ethanol and successive additions of sulfate. 
An unknown acid built up in the microcosm. 
Microcosm Y6 that had ethanol addition (Figure 4.23) had the build up of an 
unknown acid product. The acid had the same retention time on the IC as acetate. Three 
successive sulfate additions were introduced to enhance sulfate reduction. Small amount 
of TCE loss was observed, however the corresponding transformed product, c-DCE, was 
not observed. From the above observation, we can not conclude that TCE transformation 
was induced by sulfate-reducing conditions. 
Since the Y series microcosms did not have headspace, the gas produced initially 
dissolved in the solution phase. Once the valves were open, the gas burst out through the 
septa. VOCs were potentially lost into the atmosphere. Thus, the quantification of 70 
transformation products could not be obtained. TCE might also have been lost during this 
gas leakage. So, the data for TCE transformation were not reliable. 
Butyrate and propionate were added as carbon sources to microcosms Y7 (Figure 
4.24) and Y8 (Figure 4.25) respectively. TCE transformation was not complete and the 
transformation products were not observed. However, some measurement problems were 
encountered as mentioned in the previous section. Butyrate and propionate enhanced 
sulfate-reducing conditions and a fair amount of methane was produced in these 
microcosms. Based on the amount of gas released, we can not be sure if the TCE loss 
resulted from biotransformation. 
There was another analytical limitation in the IC analysis. Acetate, butyrate and 
propionate co-eluted on the IC. This co-elution problem was further complicated by the 
potential for the formation of organic acid degradation products. For example: in Figure 
4.24, the initial butyrate concentration was 75 mg/L, but the acid concentration increased 
to 150 mg/L during the first 20 days. Since IC analysis could not resolve all the acidic 
components separately, the results of chromatogram provided the summation of detection 
respondents to the acids present. 
In summary, the results from multiple-substrate study suggested that alternative 
substrates such as methanol and acetate promoted sulfate-reducing conditions and TCE 
transformation to c-DCE. Ethanol, butyrate, and propionate successfully induced sulfate-
reducing conditions, but TCE transformation could not be ascertained in these 
microcosms since degradation products, such as c-DCE, were not observed. Phenol and 
toluene were not suitable substrates to enhance the activities of sulfate-reducers. 71 
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Figure 4.24	  Microcosm Y7 fed with butyrate and successive additions of sulfate. 
An unknown acid built up in the microcosm. 
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sulfate. An unknown acid built up in the microcosm. 72 
5. DISCUSSION AND CONCLUSIONS  
5.1  Discussion 
In this microcosm study, TCE transformation proceeded under sulfate-reducing 
conditions, with c-DCE as the major end product. c-DCE persisted in the microcosms for 
more than 300 days without further transformation. This result is consistent with the 
study of Bagley and Gossett (1990). The results are also consistent with observations 
from the field, where c-DCE was detected in the site groundwater. 
Benzoate served as an effective anaerobic substrate. Higher benzoate 
concentrations (-1000 mg/L) appeared to be more effective in promoting the 
transformation of TCE than lower concentrations. The high benzoate concentrations 
(-1000 mg/L) may have resulted in fermentation of benzoate which promoted the 
biotransformation of TCE. Unknown VOC peaks on the GC were associated with the 
reduction of benzoate and the transformation of TCE. The VOC peaks might be related 
to the fatty acid formed as a product of benzoate's ring-cleavage. This potential 
fermentation is illustrated in Brock et al. (1994). The control microcosms confirmed that 
transformation did not proceed without substrate addition. 
In addition to benzoate, methanol and acetate were demonstrated as alternative 
substrates that promoted sulfate-reducing conditions and TCE transformation. Methanol 
and acetate appeared to be the most effective of the alternative substrates tested. The 
addition of these short-chained hydrocarbons, however, might produce acids which would 
lower the pH and create unfavorable conditions for the growth of anaerobic 73 
microorganisms. For example: a peak was observed on the GC that had the same 
retention time as acetate, when ethanol and butyrate were degraded. This condition was 
not observed when benzoate was added as a carbon source. 
With the addition of benzoate, some TCE transformation was observed in the 
absence of active sulfate-reduction. Large quantities of methane were not produced 
during this period. However, minor amounts of methane were detected. Also, an 
unknown VOC peak was observed during the transformations, eventhough active sulfate-
reduction was not observed. The same peak was observed under sulfate reducing 
conditions as well. This peak eventually disappeared gradually over a period of one half-
year. The exact TCE transformation mechanism remains unknown. It may be associated 
with the unknown product that was formed. The identification of this unknown VOC can 
be done by using GC and GC-MS analysis in future research. 
In a fermentative syntrophic association, the sulfate reducers serve as hydrogen-
producing acetogenic bacteria and methanogens serve as hydrogen scavengers (Bryant et 
al., 1977). Two intermediate products are hydrogen and acetate. One type of 
methanogens will utilize hydrogen and carbon dioxide to produce methane and water, and 
the other will utilize acetate to produce methane and carbon dioxide (Zinder et al., 1995 
and DiStefano et al., 1992) (see Figure 2.3). The hydrogen utilizing methanogens 
function under a lower reducing potential than the acetate utilizing methanogens. 
Desirable methanogenic conditions for TCE transformation to ethylene likely results from 
the growth of hydrogen-utilizing methanogens following the fermentation of carbon 74 
sources. The control of the growth of these hydrogen scavengers may be essential for 
TCE transformation. 
Under sulfate-reducing conditions, several studies (Gossett et al, 1990; Kastner, 
1991a; and Pavlostathis, 1991) have confirmed 1,2-cis DCE as the major end product, 
without further transformation. Under methanogenic conditions, 1,2-cis DCE has been 
shown to further degrade to vinyl chloride (Vogel and McCarty, 1985), or ethylene 
(Freedman et al., 1989). These studies would support our hypothesis that methanogenic 
conditions were never achieved in this study, thus the reduction of 1,2-cis DCE to vinyl 
chloride or ethylene was not observed. 
A recent field study in a sand aquifer with the chemical distributions of anaerobic 
transformation products of TCE transformation strongly supports a syntrophic association 
between sulfate-reducing bacteria and methanogens (Semprini et. al., 1995). This field 
study of a contaminated aquifer in St. Joseph's, Michigan, demonstrated transformation of 
TCE to ethylene under anaerobic conditions. Semprini et al. suggested that TCE 
dechlorination to DCE was likely occurring under the less reducing conditions of sulfate 
reduction, with further reductions to VC and ethylene occurring under methanogenic 
conditions. The results from this study tend to agree with those from this field study. 
The difference between these two sites might arise from the high concentration of sulfate 
in groundwater at the Gilbert-Mosley site. 
Reduction of sulfate to sulfide probably resulted in sulfide toxicity in the 
microcosm. Complexation of S2", SIP and Fe2+ ions plays an important role in complete 
transformation of TCE. Lack of sufficient Fe2+ ions in the microcosms may have been 75 
another limitation that prevented active methanogens from being established. The 
shortage of Fe2+ ions in groundwater or site aquifer solids could have caused sulfide 
toxicity. Sulfide toxicity might have been responsible for the inability to establish active 
methanogenic conditions in the microcosms (Beller et al., 1995). 
TCE transformation was enhanced by adjusting the pH of the microcosms to which 
the short chained aliphatic carbon sources were added. The reasons for the enhancement 
with the change in pH are not known at the present time. 
The ratios of the amount of TCE transformed to the amount of sulfate reduced 
(ATCE / Asulfate) are presented in Table 4.5. The ratios are relatively constant which 
implies that the amount of TCE transformed appeared to correlate with the amount of 
sulfate reduced. It did not matter if the sulfate was added successively or all at once. This 
relationship strongly suggests that TCE transformation was closely associated with the 
sulfate reduction. 
Table 4.5. Comparison of ratios (ATCE / Asulfate) for various microcosms. 
Microcosms  ATCE / Asulfate 
carbon sources*  (1.1g / mg) 
Acetate (Y5)  7.5 
Ethanol (Y6)  6.4 
Butyrate (Y7)  6.6 
Propionate (Y8)  5.0 
Benzoate (S1)  8.8 
Benzoate (S2)  10 
Benzoate (S3)  7.2 
Benzoate (Y1)  4.5 76 
5.2	  Conclusions 
The following conclusions can be drawn from this study: 
1.	  A reproducible lag period of about 60 days was required for sulfate-reducing 
conditions to be established in the microcosms. 
2.	  TCE transformation to c-DCE coincided with the establishment of sulfate-reducing 
conditions. TCE transformation occurred when sulfate concentration were 
reduced below 200 mg/L. 
3.	  The amount of TCE transformed appeared to be correlated with the amount of 
sulfate reduced. 
4.	  c-DCE was the major end product of TCE transformation observed. It persisted in 
the microcosms. 
5.	  The results from the microcosm studies are consistent with the field observations. 
In both cases, c-DCE was observed and little VC was formed. 
6.	  Benzoate, methanol, ethanol, acetate, propionate and butyrate were substrates 
that promoted sulfate-reducing conditions. 
7.	  A unknown VOC was formed in the microcosms that was likely associated with 
benzoate transformation. The appearance of the unknown coincided with the 
beginning of TCE-transformation process in both sulfate reducing microcosms and 
in microcosms where sulfate was not reduced. 
8.	  The process causing TCE transformation has not been established, however, a 
fermentation process is suspected. 77 
5.3  Future Studies 
Due to the complexity of microbial processes responsible for transforming TCE in 
the microcosms, significant possibilities remain for future research. Addition of microbes 
which are capable of transforming c-DCE to ethylene might enhance completion of TCE 
transformation to ethylene. This may be accomplished through addition of a known 
microbial culture that degrades TCE to ethylene, such as that cultivated by DiStefano et 
al. (1992), to the microcosms. 
In the present study, the microcosm construction and the sampling protocol may 
have provided some opportunity for oxygen to leak into microcosms and disturb the 
anaerobic conditions.  In future research all operations should be performed in an 
anaerobic glove box to maintain lower redox-conditions. The microcosms should be 
stored in a nitrogen/hydrogen environment within the glove box. Also, a study should be 
performed of directly feeding the microbes with hydrogen gas as an alternative energy 
source for TCE transformation. 
In this microcosm study, it is speculated that sulfide toxicity might have inhibited 
the growth of methanogens and potential sulfate-reducers. More frequent exchanging of 
microcosm groundwater or the addition of FeSO4 may remove sulfide toxicity. Also, the 
use of a continuous-flow system that allows for the removal of sulfide from the system, 
and prevents accumulation of toxicity in the system should be investigated. 
The persistence of 1,2 cis-DCE may indicate that the reducing conditions are not 
low enough for further transformation of 1,2 cis-DCE. Alternative carbon sources need to 
be explored with frequent monitoring for hydrogen, methane, and carbon dioxide 78 
production. It is also important to identify and measure the concentrations of 
fermentation products. 
The pulsing of small amounts of sulfate might temporarily prohibit the growth of 
these hydrogen scavengers and permit greater TCE transformation. However, addition of 
excess sulfate may lead to the same result as obtained in this study in which incomplete 
TCE transformation was observed. 79 
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APPENDICES  85 
Appendix A. Microcosm Preparation 
Inoculation 
Microcosms were constructed in a glovebag to ensure an anaerobic environment. 
The procedures are listed below: 
1.	  autoclave the apparatus consisting of: 
10 ml beaker 
125 ml beaker 
spatula 
amber bottles 
two 10 ml graduated cylinders 
flask containing reverse osmosis water and sealed with a aluminum foil 
2.	  place all the apparatus in the glovebag (include non-autoclaved mini-inert valves) 
3.	  place capped core sample and groundwater in the glovebag 
4.	  seal the bag with a zip-zap device, and leave a small opening 
5.	  connect the glovebag to an aligal gas cylinder (70% N2, 30% CO2)with a regulator 
6.	  purge the glovebag for 15 minutes 
7.	  seal the zip-zap device completely 
8.	  measure core sample with 10 ml beaker and transfer it to an amber bottle 
9.	  measure appropriate amount of groundwater and reverse osmosis water. Then, 
transfer them to the amber bottle 
10.	  seal the amber bottle with a mini-inert valve 
Sampling Procedure 
All samples were drawn through mini-inert valve (Pierce, Rockford, Illinois). The 
valve contained a luer-lock tip and a septum. The luer-lock tip provides a complete seal 86 
for long-term storage and a septum for temporal samplings. The purpose of the septum 
was to prevent oxygen from entering the system while sampling. 
A 100 III gas-tight syringe was designated to withdraw a headspace sample. A dry 
syringe was needed to ensure sample integrity. The syringe tip was stored in the oven 
overnight. In case of contamination, the syringe was rinsed three times with methanol. It 
was then stored in the oven for at least 48 hours. 
Liquid samples were obtained using a 1001.11 syringe. The sampling syringe was 
rinsed three times with both methanol and deionized water between each sampling. The 
liquid samples were used for anionic analyses and gas chromatography (ECD). 
Storage and Shaking Condition 
All microcosms were stored in a glovebag except the Group 5 microcosms that 
were stored in a constant temperature room (31 °C). The glovebag was connected to 
aligal gas cylinder with a regulator which provided a constant flow to the bag at low 
pressure all the time. The in coming gas flow offset the leakage of the glovebag. The 
result was an inflated glovebag at all times. Sometimes the glovebag did not have leakage 
and the constant flow could then be omitted. 87 
Appendix B.  Sample Contents 
Group I.  Contents  Initial TCE Concentration 
(7/21/94)  (mg/I-) 
B1	  20 ml of solids + 80 ml DI H2O  2.00 
+ BAS** 
B2  100 GW* only + BAS**  2.00 
B3  20 ml of solid  80 ml GW*  2.00 
+BAS** 
B4  20 ml of solid  80m1 DI H2O  2.00 
("control" by without adding BAS**) 
An addition 1 nil of a prepared Benzoic Acid solution (BAS) was injected into bottles Bl, B2 and 
B3 at a time. There were a total of 5 additions. Later, 5m1 of BAS was introduced at once. The B4 bottle 
was designated to be a control, but linl of BAS was introduced accidentally. 
Group IL  Contents  Initial TCE Concentration 
(8/12/94)  (mg/1) 
S1	  15 ml solid + 5 ml BAS**  2.00 
80 ml GW* 
S2  same as above  2.00	  Note: 5m1 of BAS** was 
introduced at the beginning 
of prep. (Si, S2, S3, C3 and C4) 
S3	  same as above  2.00 
C1  20 ml solids + 80 ml GW*  2.00  Bottles Cl and C2 are controls 
( no BAS** introduced)  without any addition of BAS**. 
C2  20 ml solids + 80 ml GW*  2.00 
(autoclave) 
C3  95 ml GW* + 5 ml BAS**  2.00 
(autoclave) 
C4  95 ml DI H20 + 5 mlBAS  2.00 
*GW= Groundwater 
**BAS= Benzoic Acid Solution 88 
LI 
Group In 
Liquid Sample 
(8/31/94) 
L2 
L3 
L4 
CT1 
CT2 
CT3 
GW* + TCE+BAS** 
1/2 GW* + 1/2 DI H2O + TCE  
+BAS**  
10 ml slolids + DI 1120 + TCE  
+ BAS**  
10 ml soilds + GW* +TCE +  
+ BAS**  
DI H2O + TCE (no BAS**)  
Autoclaved GW* + TCE 
(no BAS** addition) 
GW* + 10 ml solids + BAS** 
Group IV. Various Carbon sources 
(12/13/95) 
Y1  50 ml GW* + 50 ml D.I. H2O 
+B3 spike 
Y2  20 ml GW*+ 60 ml DI H2O 
Initial TCE Concentration 
(mg/L) 
2.00	  Note: 250mg/L of BAS was added by 
injecting 1.5m1 of stock solution (20g/L) 
2.00 
2.00 
2.00 
2.00 
2.00 
0.00 
1.37 (1/10/95) 
1.06 
+spikes of 20 ml B1+3 ml B3+4 ml B4 
Al  20 ml solids + 80 ml GW* 
Y3  50 ml GW* + 50 ml DI H2O 
+B3 spike 
Y4  as above (Y3) 
Y5  as above 
Y6  as above 
Y7  as above 
Y8  as above 
Y9  as above 
8.27 (1/19/95) 
2.39 (2/28/95) 
2.78 
2.88 
5.57 (3/7/95) 
6.280 
4.28 (3/15/95) 
4.68 
slow addition of carbon 
sources 
Me0H as the carbon source 
Toluene as the carbon source 
Acetate as the carbon source 
Ethanol as the carbon sourcd 
Butyrate as the carbon source 
Propionate as the carbon 
source 
Phenol as the carbon source 
(Note Y3-Y9 bottles are stored in a constant temperature room at a temperature of 31 °C) 
*GW= Groundwater 
**BAS= Benzoic Acid Solution 89 
APPENDIX C  
GC Standard Curve Protocol for CAHs ( This method was adapted from Niemet, 1995. 
The following method was altered to meet the TCE concentrations requirements (0.5-2.5 
mg/L) for the anaerobic microcosm study.) 
Materials 
high grade CAHs 
Three 10 ml volumetric flasks 
Five 100 ml volumetric flasks 
Five µL microsyringe 
Ten pL microsyringe 
One hundred pL microsyringe 
Two mL volumetric pipette 
automatic Pasteur pipette with pipettes 
Five 16x125 mm glass culture tubes with Teflon® lined Screw-top caps 
Five 2 mL amber glass GC autosample vials and with Viton® caps 
cap crimper 
vortex mixer 
pipette bulb 
Stock Solution Preparation (Standard Methods, 1992) 
1.	  Fill a 10 mL volumetric flask nearly to the meniscus with methanol. 
2.	  Place the uncapped flask on balance, including the stopper, and allow 10 minutes 
for the methanol on the sides of the meniscus to dry. 
3.	  Add 4 drops of solvent from a 100 microsyringe to flask, being careful to prevent 
the drops from touching the sides of the flask. 
4.	  Cap the flask and record the added weight. 
5.	  Fill the flask to the meniscus with methanol 
6.	  Top the flask and mix the solution. 
7.	  Calculate concentration and label the flask accordingly. 
8.	  Store in refrigerator for later use. Discard stocks after 1 month. 90 
Aqueous Standard Preparation 
1.	  Fill the Five 100 mL volumetric flasks nearly to the meniscus with RO/DI water. 
2.	  Add appropriate amounts of stocks, using the appropriate microsyringe, to obtain 
combined concentrations of 0.5, 1, 1.5, 2.0, and 2.5 mg/L in the flasks. 
3.	  Fill the flask to the meniscus with RO/DI water. 
4.	  Cap and shake. 
5.	  Number and record concentrations. 
Extraction into Pentane (for GC-ECD Method only) 
1.	  Prepare spiked pentane with 1.5 mg/L of carbon tetrachloride as an internal 
standard. 
2.	  Add 2 mL of spiked pentane to each culture tube using a pipette and a pipette 
bulb. 
3.	  Cap the tubes and place on mixer for 30 seconds each. 
4.	  Allow the phases to separate for 10 minutes. 
5.	  Extract 1.5 mL of the pentane phase using the Pasteur pipette, and pour into GC 
vials. 
6.	  Fill one GC vial with spiked pentane for use as control. 
7.	  Cap the vials. 
Sample Chromatograms 
A set of chromatograms for a typical standard curve are included below. Standard 
curves were obtained by plotting the signal output (area) vs. aqueous standards for each 
compound and fitting an equation to the data. Over the range considered (0.5-2.5 mg/L) 
the area was linear, with an R2> 0.995 obtained by fitting to linear square fit using 
Microsoft® Excel 5.0. The detection limit was 0.1 mg/L of TCE. 91 
TCE Standard Curve by GC-ECO method 
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GC-FID Method- this method employs two previous sections, the stock solution 
preparation and the aqueous standard preparation. Then the aqueous standard solutions 
are stored in capped serum bottles overnight for equilibrium. The standard solutions are 
analyzed by manual headspace injections with a 100 ml gas-tight syringe. 
TCE Standard Curve by GC-FID Method 
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Appendix D. Sample Chromatogram and Anion Calibration Curves 
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